We report the rst detection of extreme ultraviolet (EUV) emission from a millisecond pulsar. The EUV ux is not consistent with standard models used to describe the X-ray ux from this object. The size of an EUV-emitting hot polar cap disagrees with the size derived from the X-ray data by a factor from 3 to 25. However, a blackbody with a temperature of 5:7 10 5 K and an area of 3 km 2 can explain both EUV and X-ray observations below 0.4 keV. Alternatively, if the EUV emission is independent of the X-ray emission and is due entirely to a thermalized neutron star surface, we place a limit on the surface temperature of 1:6 ? 4:0 10 5 K. Surface reheating would be required to explain this temperature according to standard neutron star cooling models because of the pulsar's 5 Gyr age. The EUV data rule out reheating by crust-core friction, accretion from the interstellar medium, accretion from the white dwarf companion, and heating by a particle-wind generated nebula. We use models of pulsar reheating by magnetic monopole catalysis of nucleon decay to establish an upper limit to the ux of monopoles in the Galaxy from 1 to 3 orders of magnitude below existing limits. { 3 {
Introduction
The pulsar J0437?4715 was discovered in a systematic radio survey of the southern sky searching for millisecond period pulsars (Bailyn 1993; Johnston et al 1993) . The pulsar has a rotational period of 5.75 ms and is in a binary orbit of 5: d 74 with a low-mass companion of approximately 0:2 M (Danziger, Baade, & Della Valle 1993; Bailyn 1993 ).
The observed dispersion measure of 2.65 pc cm ?3 implies a distance of 140 pc, with an uncertainty of 25%, making this the closest known millisecond pulsar Taylor, Manchester, & Lyne 1993; Johnston et al 1993; Taylor & Cordes 1993) . The companion star has been detected (Bell, Bailes, & Besell 1993) in the optical and identi ed as a cool, quiescent white dwarf with a color temperature T c = 4000 ( 350) K and a distance of 65 ? 160 pc. Hereafter, we adopt a distance of 140 pc (d 140 ) . No eclipses have been seen in this system, nor have optical variations of the companion star as a function of orbital phase been observed (Johnston et al 1993; Danziger, Baade, & Della Valle 1993; Bailyn 1993) . The pulsar has been detected at X-ray energies with the ROSAT Position Sensitive Proportional Counter (PSPC) . A period derivative of 5:709 0:010 10 ?20 s s ?1 has been measured with radio timing observations , giving a characteristic spin-down age of t s 5 10 9 years after correcting for the kinematic contribution to the proper motion (Shklovskii 1970; Camilo, Thorsett, & Kulkarni 1994) . The inferred magnetic eld strength, B = 3 10 8 gauss, is typical for a millisecond pulsar (Kulkarni 1986 ). The derived surface temperature of the pulsar's companion, among the coolest measured for a white dwarf, indicates an age of 0:9?3:7 10 9 yr (Bell, Bailes, & Besell 1993) .
Neutron stars may emit extreme ultraviolet (EUV) radiation via blackbody radiation from the stellar surface, synchrotron emission from the pulsar's magnetosphere, or from a pulsar wind interaction with the interstellar medium (ISM). Old ( 10 9 yr) neutron stars { 4 { are not expected to emit signi cant thermal EUV radiation without a strong reheating mechanism Shibazaki & Lamb 1989) . Neutron stars are born with very high temperatures ( 10 10 K) and then cool to 5 10 5 K within 10 5 years. Photon emission continues to rapidly cool the neutron star surface to temperatures well below 10 5 K (Tsuruta 1987; Tsuruta 1992) , at which time little EUV radiation would be emitted. The neutron star's surface could be reheated to EUV-emitting temperatures by a variety of mechanisms including: polar-cap heating (Cheng & Ruderman 1980; Arons 1981) , accretion from the ISM (Paczy nski 1990; Hartmann, Epstein, & Woosley 1990; Treves & Colpi 1991) , internal heating from vortex line unpinning (Shibazaki & Lamb 1989; Umeda et al 1993) , and possible exotic sources such as nucleon decay catalyzed by superheavy magnetic monopoles (Freese, Turner, & Schramm 1983; Kolb & Turner 1984) .
We report the EUV detection of the aged pulsar J0437?4715 using the Extreme Ultraviolet Explorer (EUVE) satellite. Section 2 describes observations of the object. In x 3 we examine blackbody and power-law emission as models for the radiation. We consider possible reheating mechanisms in x 4 and emission from a pulsar wind nebula in x 5. Section 6 summarizes our results.
EUV Observations
The EUVE satellite carried out observations of the pulsar J0437?4715 using the 100 A (Lexan) lter on the Deep Survey Instrument (Bowyer & Malina 1991) . between 1994 January 31 and February 4 for 71,886 s The EUV emission is centered at = 04 h 37 0 17:2 00 , = ?47 15 0 18 00 (J2000), twenty-seven arc seconds from the radio timing position, and within the EUVE random error for identi ed sources of about forty arc seconds. . Another EUV source, nearby in the eld at = 04 h 37 0 28 00 , = ?47 11 0 59 00 (J2000), is well resolved from the pulsar given the 1.0 0 point-spread function of the Deep { 5 { Survey telescope. The total photon count in the Lexan band lter ( 70{190 A) for the pulsar was 1340 on the source, of which 592 counts are associated with background emission, giving a raw source photon count rate of 0.0104 counts s ?1 . The photon count rate after correction for instrumental vignetting and telemetry loss is 0:0143 0:0008 counts s ?1 . The estimated systematic uncertainties in the EUVE ux are less than 20%. No signi cant modulation in source count was detected as a function of orbital phase although incomplete orbital coverage was obtained. Detection of the pulse modulation is not possible from these data because of limitations in the photon timing mode used for this particular observation. (We note that an alternative EUVE observation mode now available will provide pulse modulation information for millisecond time scales.)
The sensitivity for EUVE Deep Survey observations is a function of the instrument e ective area combined with absorption in the line of sight to the object. For this work we derived a new instrument e ective area with improved values for 44 A using models for the telescope mirror, lter, and photocathode. The mirror re ectivity was calculated using the geometric area-weighted average telescope grazing angle and tabulated optical constants (Palik 1985) . The lter transmission was calculated using material constants from laboratory measurements (Vedder et al 1989) . A linear interpolation of laboratory measurements of the EUVE ight detector at 29 and 44 A was used for the photocathode e ciency (Finley 1994) . The derived e ective area was normalized to the calibrated e ective area at 44 A , a correction of 15%.
In Figure 1 we show the unabsorbed instrument e ective area and the absorbed e ective area, A(N H I ), derived by combining di ering hydrogen columns with the absorption cross sections of Rumph, Bowyer,& Vennes (1994) . We have considered a number of estimates for the appropriate hydrogen column to this source. The closest object to PSR J0437?4715 in the compilation of local hydrogen columns by Fruscione et al. (1994) is the white dwarf { 6 { WD0320-540 ( = 03 h 22 0 , = ?53 46 0 ) with N H I = 10 19 cm ?2 , which is located at a distance of 103 pc. The hydrogen column out of the Galaxy in this direction (Dickey & Lockman 1990) is N H I = 1:90 10 20 cm ?2 . For this work we assume N H I = 10 19 cm ?2 to the source.
The luminosity at the telescope aperture originating from a source ux spectrum, F , absorbed by an ISM with a neutral hydrogen column, N H I , is L(N H I ) = R F A (N H I ) .
Assuming a at spectrum where F is constant, integrating over the half-maximum bandpass for A(N H I ). 
Source Models
The EUV data permit us to discriminate among power-law and blackbody source models. We rst consider whether a single power-law source can be responsible for both the EUV ux and the ux observed with the ROSAT PSPC . . We calculated the EUV ux for both the pure and composite ROSAT power-law source models for a { 7 { range of absorbing columns. We nd that for both models a single power-law source is only consistent with the EUV luminosity if the absorbing column is in the narrow range of N H I = 2:5 0:2 10 20 cm ?2 . We can rule out that a single power-law source is responsible for both the EUV and the X-ray ux because this column exceeds the hydrogen column out of the Galaxy (Dickey & Lockman 1990 ) in this direction.
Polar cap heating by the bombardment of relativistic particles has been used to explain soft X-ray emission from a number of radio pulsars including Geminga (Halpern & Holt 1992) , B1929+10 (Alpar et al 1987) , and B0950+08 (Ma et al 1993) . The detection of pulsars at gamma-ray energies (Thompson 1994) clearly indicates the existence of relativistic particles. The heating process is believed to be driven by e pairs accelerated from the outer gaps in the pulsar magnetosphere that impact the neutron star surface at the magnetic poles, creating hot polar caps over a small fraction of the stellar surface. In Figure  2 we show the size and temperature of an isothermal blackbody capable of producing the observed EUV ux after absorption by various amounts of intervening ISM. Examination of Figure 2 shows that the ROSAT composite model hot-spot, with T 1:7 10 6 K, could produce the EUV ux only if its emitting area is from 3 times (for N H I = 10 19 cm ?2 ) to 25 times (for N H I = 10 20 cm ?2 ) larger than the area required by the X-ray data. While EUV emission may originate from a hot polar cap, we conclude that the observed EUV ux is not consistent with an isothermal hot spot capable of producing the soft X-ray, 0.8 keV spectral feature.
We examined whether blackbody emission, absorbed by intervening ISM, could provide an alternative explanation to the soft ROSAT detected ux (exclusive of the 0.8 keV feature), which has been attributed to power-law emission . The shaded box in Figure 2 shows the temperature and emitting area of a blackbody which, after absorption by intervening ISM, provides a spectrum between 0.1 and 0.4 keV that { 8 { is consistent with the range of power-law models reported for the ROSAT spectrum. We determined that both the EUV ux and the soft X-ray ux could arise from an isothermal blackbody with a temperature 5:7 10 5 K, an emitting area of 3 km 2 , and an absorbing column of N H I = 5 10 19 cm ?2 . Non-isothermal emission (Greenstein & Hartke 1983) from a polar cap or from a stellar surfaces including thermal gradients could also be t the EUVE and ROSAT soft ux, however these models, while plausible, lack uniqueness.
Alternatively, the EUV ux could be independent from the X-ray ux and originate from the entire hot surface of the pulsar. In this case, the observed EUV ux is determined by the neutron star's surface temperature, distance, and the absorption of intervening interstellar gas. The two curves in Figure 3 , representing the estimated limits of systematic uncertainty to the EUV ux, bound the region of surface temperature and N H I allowed by the EUV data. A minimum isothermal surface temperature of T min = 1:6 10 5 d ?0:5 140 K, is found for a distance d 140 and a stellar radius of 10 km. The allowed isothermal surface temperature is fairly insensitive to the domain of N H I . An upper limit to the pulsar's isothermal surface temperature of T max = 4:0 10 5 d ?0:5 140 K is established by using the known N H I column out of the Galaxy (Dickey & Lockman 1990) . We note that ROSAT observations are not capable of measuring these isothermal surface conditions.
Thermal Reheating Mechanisms
The presence of thermal EUV emission from the surface of a 5 10 9 year old neutron star is inconsistent with standard cooling models for neutron stars (Shibazaki & Lamb 1989) and would require some form of reheating. We consider four sources for reheating an old neutron star: (1) internal heat dissipation at the crust-core interface through the unpinning of internal vortex lines; (2) accretion from the ISM; (3) accretion from the white dwarf companion onto the neutron star; and (4) nucleon decay catalyzed by heavy magnetic { 9 { monopoles.
According to neutron star cooling models, frictional interaction of the neutron super uid with normal matter in a neutron star's crust acts to dissipate rotational energy from the super uid, thereby heating the surface of the neutron star. The frictional heating is expected to have a strong dependence on the neutron star's equation of state. Current theories predict that for neutron stars older than 10 9 yr, the thermal surface temperatures from frictional heating should be less than 10 5 K (Shibazaki & Lamb 1989; Umeda et al 1993) . If the EUV emission from PSR J0437?4715 is from an isothermal surface, standard frictional heating models are virtually ruled out.
The gravitational accretion of ISM could heat the neutron star if the velocity of the star is su ciently slow, i.e., v 10 km s ?1 (Paczy nski 1990; Hartmann, Epstein, & Woosley 1990; Treves & Colpi 1991) . A velocity of 91 3 km s ?1 has been measured for PSR 0437?4715 using timing measurements and of 63 30 km s ?1 using scintillation observations . We estimate the velocity of the ISM at the location of the pulsar to range from 0 to 35 km s ?1 by comparison with measurements of Na I interstellar gas (Welsh et al 1994) toward stars within 50 pc and 20 of PSR 0437-4715. Thus the estimated velocity of the star with respect to the ISM is su ciently large that we can rule out signi cant heating by interstellar accretion. Stellar material ablated from the neutron stars' white-dwarf companion by a high-energy particle wind from the pulsar could accrete on the neutron star and produce heating. The upper limit to mass accretion ( _ M) driven by a high-energy particle wind can be estimated as _ M fL SD = c 2 , where f is the fraction of the total ux from the neutron star intercepted by the companion, L SD is the pulsar spin-down luminosity, is the Lorentz factor of the particles, and c is the speed of light. For L SD = 10 34 ergs s ?1 , f = 10 ?4 , and = 10 6 , we compute a maximum mass accretion of 10 3 gm s ?1 or 2 10 ?23 M yr ?1 . Using the binary { 10 { orbital separation of R = 10 11 cm, we therefore estimate that the maximum luminosity from accretion of a particle-ablated stellar wind, L = 2G _ MMR ?1 = 1 10 18 ergs s ?1 , is an insigni cant fraction of the observed EUV luminosity.
It has been suggested that neutron stars could be heated by magnetic \monopole-catalyzed" nucleon decay (Freese, Turner, & Schramm 1983; Kolb & Turner 1984) . Superheavy magnetic monopoles ( 10 21 GeV) that hit the surface of a neutron star will lose su cient energy through electronic interactions to be captured by the star. These monopoles will accumulate inside the neutron star at a rate proportional to the monopole ux. The monopoles inside the neutron star will catalyze nucleon decay through the strongly interacting Callan-Rubakov process (M + n ! M + e + + ? ) (Callan 1982a; Callan 1982b; Rubakov 1981; Rubakov 1982 where 9 is the neutron star age in units of 10 9 yr, ?28 is the interaction cross section in units of 10 ?28 cm 2 , v is the relativistic velocity di erence between the monopole and interacting nucleon assumed in units of the speed of light c = 3 10 10 cm s ?1 , R 10 is the neutron star radius in units of 10 km, ?3 is the monopole's velocity far from the star in units where ?3 = 10 3 vc ?1 (the viral velocity of a monopole in the Galaxy is 10 ?3 c), and M 1:4 is the neutron star mass in solar units. The combination of our upper limit to the surface temperature of PSR 0437?4715 and the object's extreme age results in a value for F G that is 3 orders of magnitude lower than the upper limit derived from PSR 1929+10 (Freese, Turner, & Schramm 1983) and from one to several orders of magnitude lower than other limits based on monopole catalysis (Kolb & Turner 1984) . This limit con rms that the detection of monopoles with terrestrial apparatus is virtually precluded (Kolb & Turner 1984) .
Pulsar-Wind Nebular Emission
The interaction of a pulsar wind with the ISM could provide a source of EUV emission. The presence of an H nebula around this neutron star implies that a relativistic particle wind from the pulsar is interacting with the local ISM. Similar pulsar-wind nebulae have been seen around other fast pulsars: PSR B1951+32 ) and PSR B1957+20 . The pulsar-wind nebula from PSR J0437?4715 may produce emission that ranges in energy from 0.01 eV to 40 KeV (Arons & Tavani 1993) . Following Arons & Tavani (1993) , the total luminosity predicted for the pulsar-wind nebula is: for a pulsar with a Crab-like particle energy spectrum, where P P0437 and _ P P0437 are the pulse period and period derivative in units of the PSR J0437?4715 values, n 0 is the local ISM density in units of cm ?3 , f p is the degree of anisotropy of the pulsar wind nebula with a value of 1 for an isotropic wind, and v 7 is the pulsar velocity in units of 10 7 cm s ?1 . The predicted pulsar-wind nebular luminosity L w is an order of magnitude smaller than the absorbed at spectrum luminosity L(N H I 19 ). We note that the EUV luminosity derived for a power-law spectral index of = 0:5, predicted for a pulsar-wind nebular source, does not vary substantially from the at spectrum case. The observed EUV luminosity exceeds the predicted pulsar-wind nebular emission by an order of magnitude. However, uncertainty within the model parameters are such that this source mechanism may, with special tuning, still be viable.
Conclusion
The object J0437?4715 is the rst EUV detection of a millisecond pulsar. An isothermal blackbody with 10 km radius and temperature from 1:6 10 5 to 4:0 10 5 K could provide the source of the EUV ux. Emission from this blackbody would be unobservable with ROSAT. We have determined a relationship of hot spot size and temperature that could provide the source of EUV ux. X-ray observations below 0.4 keV are found to be consistent with this relationship for a temperature of 5:7 10 5 K and an emitting area of 3 km 2 . The hot-spot modeled to explain the pulsed 0.8 keV X-ray ux is not consistent with the EUV ux. We used our lower limit to the surface temperature to establish an upper bound to the ux of monopoles in the Galaxy by invoking models of pulsar reheating by the magnetic monopole catalysis of nucleon decay. Re-heating of the neutron star by crust-core friction has been ruled out. Steady accretion of the ISM, accretion of a stellar wind ablated from the companion, and nebular emission from pulsar wind interaction with the ISM are insu cient to explain the EUV ux. We have ruled out single power-law emission as the source of both the pulsar's EUV and X-ray ux.
Long EUVE observations of this source, with an observing mode that will yield timing to better than 1 ms, have been scheduled to obtain signal su cient for determining the pulsar's spectral and pulse pro le. These data will aid in discriminating between possible emission sources. Given the strong radio brightness of J0437?4715, direct absorption measurements of N H I should be obtainable, directly constraining both the thermal and power-law source models. Radio timing observations should precisely measure the pulsar's parallax distance in the near future, further reducing uncertainties in the pulsar's derived characteristics. The on-going high galactic latitude surveys for millisecond pulsars (Foster, Wolszczan, & Camilo 1993; Camilo 1994; Bailes et al 1994; Lorimer et al 1995) o er the possibility of discovering nearby neutron stars for future EUV observations. A systematic { 13 { radio survey of unidenti ed EUVE sources may provide a good means of detecting rapidly-rotating, nearby, old neutron stars. 
